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ABSTRACT 
 
    The toroidal field coil system of the FIRE tokamak 
utilizes LN2 cooled, copper alloy Bitter plate type magnets. 
The wedged configuration is baseline structural concept for 
the project. A beryllium copper alloy has been  chosen for 
the conductor. Reported are some of the refinements in the 
design and analysis of FIRE based on a re-sizing of the 
machine to 2.14m The larger machine offers greater 
structural margin, allowing simpler structural concepts to be 
used. FIRE has retained the wedged configuration after 
consideration of alternatives. The project perceives this to be 
a conservative approach. FIRE's  high elongation and double 
null plasma results in high overturning moments. This was 
an early reason why the wedged configuration was 
considered attractive. Disruption effects on the out-of-plane 
loading of the TF have been studied with a transient 
electromagnetic analysis. These are presented in this paper, 
and have been found small. Desired design margin of the 
magnet structural system has influenced the choice of 
structural concept. For routine operation at full performance 
levels, a larger structural factor of safety has been proposed. 
Initially, simple scaling by toroidal field and build changes 
have been used to assess design margin[1]. In this paper, 
lead and terminal design, fit-up and alignment tolerance, 
insulation loading,  and analytic qualification methods are 
discussed. 
 
1.0 INTRODUCTION  
 
    The latest FIRE configuration is based on a scale-up of 
the Ro=2.0m machine. The slight increase in major radius, a 
disproportionate increase in minor radius, and larger plasma 
current has required adjustments of the radial build giving 
less space to the magnets. This has made it challenging to 
meet TF based pulse length requirements. Central solenoid 
(CS) material changes are being considered to provide 
margin in the CS stresses and temperatures. 
     The toroidal field coil system of the FIRE tokamak 
utilizes LN2 cooled, copper alloy Bitter plate type magnets. 
A wedged or vaulted configuration with a free-standing CS 
is the baseline structural concept for the project. A high 
strength, high conductivity beryllium copper alloy that was 
developed for an earlier Tokamak study, the Burning Plasma 
Experiment (BPX), is  chosen for the conductor. A number 
of alternative structural concepts have been reviewed, each 
with advantages and disadvantages relating to FIRE's 
mission. 
TF wedging pressures and CS hoop tensions have 
determined the basic sizing of the machine. Support of 
torsional shear in the inner legs has also had an important 
influence on the evolution of the FIRE structural design.   
To support this shear, friction between the wedged segments 
of the coil is all that is available. With torsional shears 
between 30 and 50 MPa, and friction coefficients of .3, 160 
MPa wedge compression is needed on the plasma side of the 
TF where the torsional shear is at a maximum. Wedge 
pressures from a pair of large compression rings, provides 
this in the upper and lower inner leg corners. Centering 
forces supply the wedge pressure at the equatorial plane.  
 
Figure 1. Twelve Sector Symmetry Expansion of the 1/16 
Cyclic Symmetry FIRE structural model 
    Bucked and wedged configurations were considered for 
FIRE and were found attractive especially in reducing power 
supply costs and improving pulse length, but the concept 
was perceived to be more complex by the project and the 
conceptually simpler wedged design was retained. The 
characteristics of the TF coil system are given in Table 1. 
 
Table 1.  Characteristics of the FIRE TF Coil System 
TF Inner Leg Mat 68% IACS BeCu 
flattop time (s) ~20 
No. coils: 16 
Turns/coil: 15 
Bt, T 10, (11.5 to demonstrate 
conservatism 
R0, a m 2.14, .595 
Cooling method LN2; inertially cooled. 
Coil initial  temp. 80°K 
Max. permitted temp.  373°K 
Time between shots, 3 Hr.  
Wmag TF (GJ) 5.08 
Ip (MA) 7.7  
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Table 2 CS and PF Coil Builds FIRE 2.14m Build 
Coil R Z DR DZ 
CS1U  0.65  0.452 0.40 0.884 
CS2U  0.65  1.158 0.40 0.4886 
CS3U  0.65  1.6668 0.40 0.4886 
PF1  0.8557 2.2385 0.325 0.38 
PF2  1.2910 2.5060 0.325 0.38 
PF3  3.304 3.120 0.40 0.40 
PF4  4.766 1.200 0.40 0.40 
 
Table 3 TF Coil Stress Summary 
TF Allowable(MPa) 700  
TF Von Mises Stress 529  
Min. TF stress  Factor of 
Safety (FS)  
(allowable/actual)1 
1.3  
Table 3 is a simplified summary of the FIRE TF stress state. 
A more detailed treatment of the TF stress state may be 
found in[7] and the acceptance criteria may be found in [6]. 
 
2.0 TF WEDGE FACE INSULATION 
 
    The wedge configuration of FIRE is characterized by high 
compressive stresses between TF plates.  
 
Table 4 TF Wedge Face Insulation Compressive Stress. Ro=2.0m 
Machine 
 Insulator 
Dose 
Compres
sive 
stress 
Von 
Mises 
* 
Plasma side 
10T operation  
1.27e10 
RAD 
240 MPa 300 
MPa  
450 MPa 
CS side 10T 
operation  
1.58e8 
RAD  
360 MPa 469 
MPa      
704 MPa 
Plasma side 
12T operation  
1.27e10 
RAD 
346 MPa 440 
MPa  
660 MPa 
CS side 12T 
operation  
1.58e8 
RAD  
520 MPa 689 
MPa      
1033 MPa 
*RT and 80°K  Required Compressive Strength based on  2/3 Criteria 
    The 12 T operation is not planned for FIRE but 
demonstration of the capacity to operate near this level is 
required to demonstrate adequate margin. Most of the 
required capacities in the table are readily met by 
conventional insulation systems - even the irradiated 
portions of the coil.  Polyimide/S2 glass laminate insulators 
can meet the 1033 MPa room temperature low irradiation 
requirement at the nose of the TF.  
    The wedge faces of the inner leg of the TF need to bear 
uniformly on each other. Once the wedge faces are 
machined off. They can be laser surveyed and checked 
against tolerances. A laser profile measurement based on 
laser interferometry  can provide a very accurate map of one 
surface allowing final match machining of the mating 
surface. Another approach is to pre assemble the matched 
pairs of leg surfaces in the shop prior to shipping them to the 
test cell or assembly hall. A fixture that can accept two pairs 
of coil/case assemblies and can apply modest radial loads to 
wedge the faces would allow a fit-up check with a pressure 
sensitive paper. High spots could then be removed by hand 
of machining. 
 
3.0 FLAT TOP TIMES BASED ON A ONE D 
TRANSIENT CONDUCTION MODEL WITH NUCLEAR 
HEAT, RADIATION DAMAGE AND MAGNETO-
RESISTANCE 
 
FIRE TF thermal behavior has been qualified using a 
combination of zero D and 3D coupled electro-
magenetic/thermal analyses. The 3D analyses were done in 
ANSYS and are more rigorous in terms of the combined 
resistive and inductive effects,. Inclusion of nuclear heat, 
was easier in the smaller model. adding nuclear resistance 
changes, and magneto resistive effects required an 
expansion of the zero D model to a model that allow radial 
redistribution of current based on the resistivity changes. 
The ANSYS model mesh is coarse relative to the simpler 
analysis which is a finite difference conduction simulation 
with 100 divisions vs. six in the ANSYS model. For the 
present FIRE Ro=2.14 layout, the TF metal starts at a radius 
of .879m and the TF inner leg plate is .486m wide. For this 
build, the peak temperature is 360K vs. the project set limit 
of 370K. But there is minimal space for cooling. With the 
build  reduced by a cm to .476 for the cooling, the 
temperature goes up from 360 to 375K. Figures 2, and 3 
show temperature profiles through the build of the TF inner 
leg, without, and with current redistribution. 
 
Figure 2.  Constant 
Current Density -Peak 
Temperature is 420K  
 
Figure 3.  Temperature 
Profile with current 
redistributed based on 
resistivity, Peak 
Temp=360K.  
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• Assuming 70% IACS produces 365K  
• Active cooling on the plasma side produces  365K. 
• Sub cooling the LN2 to 65K produces 355K 
• An actual nuclear heat time profile based on the 
evolution of the fusion power might bring down the 
temp. I assume full fusion power for the entire flattop 
 
   There are some non-conservatisms in  this analysis. The  
turn to turn thickness in the model is only  1 mm insulation 
thickness, similar to  C-Mod's .030in. thick insulation. An 
L/R decay at the end of  the pulse is not modeled. 
     Radial distributions of nuclear heat and activation/dpa 
related resistive effects have been added. Magneto-
resistivity and it's distribution  has also been added via a 
routine based on a NIST Kohler plot for OFHC copper[8]. 
Radial thermal conduction and current redistribution based 
on the radial variation in  resistivity  are modeled. A 20 
second flat-top is simulated. A 20 sec ramp up and a 10 
second rampdown are used. Inductive effects are not 
included - based on the claim that for most of the flat top, 
the current is electro-magnetically diffused. This is how the 
ANSYS model behaves - it produces a fairly uniform 
temperature at the inner leg equatorial plane.   The code 
assumes a constant insulation thickness.  This effectively 
varies the packing fraction with radius, putting the highest 
packing fraction (lowest % insulator) at the plasma side 
where the field,  nuclear heat and resistivity changes are 
greatest. The radiation degradation of resistivity is modeled 
with a peak at the surface of 2.03e-9ohm-m. with an efold 
distance of .18m. The nuclear heat is modeled an efold 
distance of 10cm. The nuclear heat was scaled down from 
19.5MW/m^5 by 150/200 to model the lower fusion power 
for the larger version of FIRE. The nuclear related resistivity 
and nuclear heat were provided in a memo by  Mohamed 
Sawan[9], and while they are not precisely exponential, 
efold distances were provided that fit the data. The NIST [8] 
gives an expression for the average of the Kohler plot which 
was used to obtain table 5. The effect is a strong function of 
temperature and field. 
 
Table 5 Magneto Resistivity Effects 
Temp 
°K 
Field  Mat$ fractional increase in 
resistivity 
80  15   OFHC  .2053 
80  15   BeCu  .07 
150  7   BeCu   .016 
 
4.0 TF COIL OOP FORCES DURING A DISRUPTION 
 
Disruption loads are substantial on the vessel. This was 
investigated experimentally in C-Mod. Flux loops on the 
outside of the vessel were used to measure the changes in 
field that would have loaded coils. No flux changes were 
observed. In C-Mod, the vessel electro-magnetically shields 
the coils from force changes. Currents induced in the vessel 
tend to  preserve the flux state in the regions outside the 
vessel limiting the changes in the fields near the coils. This 
was investigated analytically for FIRE. 
 
Figure 4.  Current Density Vectors During 
Ramp-Up 
    A representation of the vessel and a 7.7MA plasma were 
added to the current diffusion model. This is the coupled 
electromagnetic-thermal analysis of the TF discussed 
previously, but with mostly geometric model changes, a 
representation of the vessel and plasma was added. After 
ramping the TF and plasma up over 20 sec. , The plasma 
was "disrupted" - the plasma current was ramped down in  5 
millisec . Of the poloidal field contributors, only the plasma 
current is modeled. Based on experience with C-Mod, the 
PF coil currents do not change during the disruption, 
because the position control system cannot respond fast 
enough to attempt to hold the plasma. To model the poloidal 
field changes then, only the plasma changes need to be 
modeled.  The results (figure 4) show the helical currents 
imposed in the vessel as both the TF and plasma currents are 
ramped up. Out-of-plane forces due to the poloidal fields 
crossed with the TF poloidal currents are computed in the 
analysis, and were contoured through the 5 millisec 
disruption. These OOP forces and their distribution did not 
change.. This confirms the observed near zero flux loop 
change observed in C-Mod during a disruption. The thick 
copper backing plate used on the vessel inner wall had a 
strong shielding effect, and if this is modified, the OOP 
loading on the TF will be re-visited.  
5.0 FIRE Ro= 2.14 CS STRESSES 
 
Table 6 FIRE Ro= 2.14 CS Stresses prior to revisions in 
build 
CS Peak Stress at PRE 322 
CS Temp at PRE 88 
CS allowable at Pre1 344 
CS F.S at Pre 1.07 
CS Peak Stress at EOB 190 
CS Peak Temp (EOB) 177 
CS Allowable (EOB) 304 
CS F.S at EOB 1.6 
    This generation of CS size and stress showed a large 
margin at the end of burn (EOB) that could have been 
qualified by a re-bias. The CS build was reduced to give 
more radial build to the vessel, and a new scenario (dated 
12-04-01) was generated. 
  
 Table 7 FIRE RO= 2.14M  10 T 7.7 MA 12-04-01 
SCENARIO, PACKING FRACTION=.85, OFHC CS  
CS-1 Stress Summary 
 IM SOF SOB EOB EOC EOD 
 5.0 12 14.5 32 35 39 
Smeared 
VM 
287 243 196 281 158 0 
VM/.85 337 285 230 330 186 0 
Temp °K 84.7 91.6 98. 170 186 193 
1.5Sm 347 344. 341. 307 299 296 
F.S 1.03 1.2 1.48 .93 1.6 large 
1.5Sm=350-100*(T-80)/212 
Table 8 CS-2 Stress Summary 
 IM SOD SOF EOB EOC EOD 
 5.0 5.01 12 32 35 39 
Smeare
d VM 
288 224 207 30 60 0 
VM/.8
5 
339 263 243 35 70 0 
Temp 
°K 
84.0 84.0 91.5 94.1 94.6 94.9 
1.5Sm 347 347 344 342 342 342 
F.S 1.02 1.32 1.4 9.7 5.7 large 
1.5Sm=350-100*(T-80)/212 
 
Table 9 FIRE Ro=2.14  CS coil Temperatures°K, 12-04-01 
Scenario, 20second 10T TF, 7.7 MA Copper IACS=100%, 
Packing Fraction=.85  
Time (sec) CS1 CS2 CS3 
5 84.717 84.026 82.036 
5.01 84.741 84.047 82.047 
12 91.621 91.517 86.928 
14.5 98.758 92.469 87.839 
32 170.48 94.173 89.624 
35 186.58 94.649 90.107 
39 193.22 94.954 90.376 
Table 10 FIRE* PF coil Temperatures°K, 20second 10T TF, 
7.7 MA Copper IACS=100%, Packing Fraction=.85  
Time (sec) PF1 PF2 PF3 PF4 
5 84.427 89.592 80.021 80.005 
5.01 84.450 89.640 80.021 80.005 
12 97.138 108.45 80.394 83.754 
14.5 102.66 114.53 81.049 87.391 
32 151.90 171.86 87.757 113.14 
35 158.44 179.44 88.264 117.19 
39 159.72 180.89 88.319 118.53 
 
Figure 5 Free Standing CS Assembly 
model - Analyzed separately from the 
rest of the machine - Precharge 
"Smeared" VM 12-04-01 Scenario  
In the re-sized FIRE, OFHC CS and PF coils  violated 
allowables slightly on EOB. Modest improvements in 
allowable and the temperature sensitivity of the allowable 
would produce acceptable coil stresses. 68%IACS BeCu 
copper was the material chosen for the BPX.  It can have 
about 40% more current than the OFHC coils and re-biasing 
allows  low currents through the flat top to keep the 
temperature down. The "smeared" Von Mises stress in the 
upper half of the CS/PF1 and PF2 model is shown in Figure 
5. 
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6.0 CS LEADS 
 
    Detailed design of these components has not yet been 
performed, but the field distribution of the segmented 
solenoid (Figure 6) will produce challenging lateral and 
vertical loads (figure 7)  on uncompensated lengths of the 
coil break-outs and leads. The need to allow relative radial 
deflections of the segmented CS due to thermal and Lorentz 
force variations produces requirements that conflict with the 
need to support large loads. One approach being 
investigated is the approach used for the CS model coil in 
which the inner turn was allowed to slip, developing 
adequate support through frictional restraint that coupled 
with the elastic support of the praying hand joint and buffer 
zone.   
  
7.0 TF LEADS. 
 
There are two problems in the TF coil near the break-outs 
for the terminal leads. A means of mechanically terminating 
the turn is needed 
which supports the 
tension in the outer 
leg, and, second,  
material has been 
removed from the 
coil plates where 
they would 
interfere with the 
horizontal ports. 
An "eyebrow' 
shaped section is 
used in the case to 
form the bevel 
needed for the 
clearance with the 
ports.  
    When the EF3 
terminal flag failed 
in C-Mod[3], a concept was developed for strip wound coils 
which structurally coupled the inner turn to the outer turn 
through an insulated connection. The same logic could be 
applied to the TF geometry. A "wrapped" terminal concept, 
shown in figure 8, equilibrates poloidal (hoop) tension and 
improves the thermal anomaly at the eyebrow cut-out by 
adding conductor cross section.  
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Figure 8. "Wrapped" TF Lead 
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